Abstract. The ability to generate acoustic longitudinal and shear bulk waves in solid materials using a single transducer is a suitable feature required in several devices and systems involving ultrasonic waves. The problem addressed here is that of the, possibly wideband, multimode buffer delay line, usable, for example, in non-destructive evaluation applications. The solution considered for this purpose is to use rotated, Y -cut, single-layer or two-layer transducers. The theory pertinent to this kind of transducer is briefly recalled and the results of the numerical analysis using two different delay line materials and three different piezoelectric materials are reported in detail. One experimental realization is also described.
Introduction
A number of applications involve an ultrasonic delay line structure made up of a piezoelectric transducer cemented to or evaporated on the polished surface of a propagation substrate. This substrate is used as a buffer medium, as in non-destructive evaluation probes. In this application, the defaults inside a sample contacting the probe induce reflected echoes, together with an attenuation and a dephasing of the transmitted through signal. Mode conversions may also occur, especially under oblique incidence. It is thus interesting to dispose of transducers able to simultaneously generate or detect longitudinal (L) and shear (S) bulk waves at a given frequency.
More generally, it is also suitable to design delay lines with separate L and S mode responses, each centred around a given centre frequency, characterized by its −3 dB bandwidth and an isolation at each frequency with respect to the other (parasitic) mode, defined as the level difference in decibels between the acoustic power generated in the considered mode to that generated in the parasitic mode, see figure 1. This problem has been studied in a few papers, taking only the transducer orientations into account (often without regard to the substrate material) [1] [2] [3] .
Theory of multimode transducers
In the 50 MHz-1 GHz frequency range, lithium niobate LiNbO 3 (in the form of platelets bonded onto the substrate, lapped to the desired thickness and then polished) [4] [5] [6] and cadmium sulphide CdS or zinc oxide ZnO (in the form of evaporated or deposited layers) [7, 8] are the most often † Author to whom correspondence should be addressed. used piezoelectric transducer materials. Their elasto-piezodielectric constants, expressed in the natural crystallographic coordinate system, may be found in the literature [5, 9] . It has been shown that simultaneous generation of longitudinal and shear bulk waves is possible for both materials when using Y cuts rotated from some angle (cut angle θ) about the X crystallographic axis [4, 7, 10, 11] . So our choice is to use such cuts here in a configuration comprising a single transducer or two transducers (same piezoelectric material with different cuts or different piezoelectric materials). (XOZ) and (Y OZ) planes are mirrors. In this frame, the elasto-piezo-dielectric properties are described by the matrices [12] : The coefficients values published in the literature [9, 13, 14] are given in tables 1 and 2. Lithium niobate is a crystal in the 3m class of the trigonal crystallographic system. In the crystallographic frame, the Z-direction is a three-fold revolution axis and the (Y OZ) plane is a mirror. In this frame, the elasto-piezo-dielectric properties are described by the matrices [12] : The coefficients values published in the literature [4, 5, 15] are given in table 3.
Geometry of the problem
Let us now recall briefly the theory of such Y -cut transducers. The geometry of the problem is presented in figure 2 , where the case of a two-layer transducer is shown. Here the x 3 -axis is chosen along the propagation direction and (x 1 , x 3 ) is the polarization plane for the quasi-L and quasi-S waves generated inside the piezoelectric materials. These later waves are fully decoupled from a pure s wave polarized along the x 2 -axis (in fact the crystallographic X-axis), which can not be piezoelectrically driven [4] . The driving electrodes, drawn as black rectangles, are assumed to be sufficiently thin (as any required bonding layer) to have negligible mechanical effects.
Propagation equation
The constitutive equations for bulk wave propagation along the x 3 -direction inside a piezoelectric material may be drawn into matrix form [16, 17] as
where ω is the wave radian frequency, U is the electromechanical status column vector:
the upper index t means transposition, T 5 and T 3 are contracted elements of the mechanical stress tensor, v 1 and v 3 are the components of the particle velocity vector, D 3 stands for the normal component of the electric displacement vector and for the electrostatic potential. The matrix M may be written as
where 0 represents the (3 × 3) null matrix, and denoting the mass density by ρ, the elastic stiffness constants by c, the piezoelectric moduli by e and the dielectric permeability by : .
It must be noticed that the material constants c, e and are expressed here in the working laboratory frame and may be found from the constants given in the cristallographic coordinate system using standard tensor transformation rules [18, 19] . The mechanical and electrical components of the status vector U are continuous at the boundaries between the two piezoelectric layers in the absence of volume charges. It is therefore easy, using equation (1), to relate the values of the electromechanical status vector at the substrate boundary (x 3 = 0) and at the transducer external surface (x 3 = h) as
where a 1 and a 2 are the thicknesses of the two piezoelectric layers (a 2 being taken as zero in the single layer case).
Generated acoustic power
Let us now assume that the non-piezoelectric substrate supports (along the x 3 -direction) the propagation of pure decoupled bulk L waves (velocity v L , acoustic impedance Z L ) and S waves (polarized along the x 1 -axis, velocity v S , acoustic impedance Z S ). This is then a simple matter to show that the electromechanical status vector at the substratetransducer boundary may be expressed as
where W S , W L and W E are the amplitudes of the normal modes (longitudinal and shear bulk waves, plus the electrostatic solution [17] ) in the substrate.
This enables us to compute the acoustic power density fluxes (Poynting's vector [18] ) in the substrate corresponding to the bulk waves. This flux occurs along x 3 -axis (since the modes are pure) and takes on the values
In order to determine the coefficients W L and W S , the boundary conditions must be used. At the interface between the substrate and the transducer the mechanical stress and particle velocity are continuous. The same is true for the electrostatic potential, which may be imposed at the transducer boundaries as
Owing to the presence of the driving electrode, the electric displacement is not continuous, but it is spatially constant (uniform) over the whole transducer and will be denoted by D 0 . Identifying then W E to jωV , it follows that
As is standard, mechanically stress-free conditions may be assumed at the transducer external face:
and, denoting the components of particle velocity at this interface by v 1h and v 3h , it follows then
The boundary conditions, together with equation (3), may be written as
Electrical impedance
We are now in position to compute the electrical impedance Z el of the transducer. If the transducer active area is A, the current flowing between its terminals is simply
and
W E being known from equation (8) .
The unmatched overall conversion loss may then be computed as the ratio between the power P D effectively delivered to the transducer by the generator, with internal impedance R G = 50 , to that P M delivered to an electrically matched load [20, 21] :
where (·) stands for the real-part operator.
The conversion loss for the L and S modes may then be found, using equation (5), as
Single-layer transducers
Transducers comprising a single, piezoelectric, rotated, Y -cut layer will first be considered. When the cut angle θ varies about the X-axis, the wave velocities (and thus the thickness required for operating at a given frequency) vary. Some kind of normalization is therefore needed to compare result from the various cuts. 
Normalization
The acoustic power fluxes given by equation (5) may be used as the transducer L and S responses. These figures are essentially acoustic form factors [18] , the overall response being obtained by multiplying them by an electrical form factor. They are, from equation (8), proportional to |D 0 | 2 . In the classical plane condenser approximation, D 0 may be related to the uniform driving electric field or the corresponding electrical potential V 0 by the relationship
A reduced frequency variable f/f 0 will also be used. The reference frequency f 0 will be defined here so that the transducer thickness a 1 is equal to one-half acoustic wavelength in the particular case of a reference cut angle θ = 90
• (which corresponds to the longitudinal Z cut, with no S wave generation), for which the L velocity is v 0 . These quantities are specified using the frequency-thickness product:
equal to 2.230 km s −1 for CdS, to 3.164 km s −1 for ZnO and to 3.635 km s −1 for LiNbO 3 . So the acoustical power fluxes will be computed in reference conditions (V 0 constant and equal to 1 V, f 0 = 1 GHz) and expressed in W mm −2 , using the following relation for D 0 : 
Numerical results
The choice of substrate is guided by economical criteria in the low-frequency range: low-cost fused silica (SiO 2 ) [22, 23] is then a good candidate. At higher frequencies, a very low acoustic attenuation becomes an essential characteristic and sapphire (Al 2 O 3 ) [24] [25] [26] is the best choice. The equations given in section 2 above were programmed using Matlab TM .
Material properties.
Fused silica is an isotropic, non-piezoelectric material with an elastic matrix given by [12] The values of the mechanical constants for this material are given in table 4. Sapphire is a non-piezoelectric crystal in the 3m class of the trigonal crystallographic system with an elastic matrix given by [12] The values of the mechanical constants of this material [22, [24] [25] [26] [27] are given in table 5.
Z-cut sapphire delay lines.
The variations of the maximum acoustic power fluxes against the angle of cut, θ , for CdS, ZnO and LiNbO 3 single-layer transducers on a Z-cut sapphire substrate are given in figure 3 . One may choose working ranges for the cut angle θ such that the L and S waves are generated with nearly equal acoustic powers (and have significant values). This occurs around values of 72
• , 70
• and 7
• for, respectively, CdS, ZnO and LiNbO 3 (in this later case, the evolution of acoustic powers against cut angle is illustrated by figure 4) . The main characteristics (reduced centre frequencies of L, f cL , and S, f cS , −3 dB bands and the corresponding relative bandwidths) for these particular cuts are given in table 6 . The variations of the responses against reduced frequency are also given, in figure 5. From these results, it may be seen that LiNbO 3 generates far higher acoustic power density values that the other two piezoelectric materials. It would be possible to generate both modes at the same frequency with nearly equal powers (say within 3 dB-equal powers criterion), in several frequency bands (see table 7) . It is more difficult to obtain a good isolation between the two modes in any part of the frequency spectrum for CdS. However, solutions exist with ZnO and LiNbO 3 for generating each mode separately (at a different frequency within its respective −3 dB band) with a very low spurious level in the other mode (good isolation), say 10 dB L/S or S/L isolation (see table 7-10 dB isolation criterion).
Fused silica delay lines.
Similar results are obtained for a fused silica substrate. The characteristics of the fused silica delay lines for the best transducer cuts are given in table 8. The relative bandwidths peak with CdS, but with much less generated power. The variations of the responses against reduced frequency are also given, in figure 6 . The simultaneous generation of both modes appears feasible only within a very small bandwidth. Good isolations may, however, be obtained (see table 9 ).
Conclusion
The above results show that solutions exist for simultaneous efficient generation (at the same frequency) of acoustic longitudinal and shear bulk waves with comparable powers in sapphire. The best choice is a 7
• rotated, Y -cut LiNbO 3 transducer: it gives far superior acoustic power (20-30 times higher than with ZnO or CdS) and a useable relative bandwidth (54%, which is nearly an octave, in contrast with the figures of 40% for CdS and 27% for ZnO). It must also be noticed that the obtained cut angle differs from that (10 • rotated Y cut) used in [1] , which corresponds to the equality of the quasi-L and quasi-S electromechanic coupling coefficients, without considering the effect of the substrate. Another solution (namely doubly-rotated Y cuts of LiNbO 3 ) has also been considered [2] . However this is prone to easy crystallographic orientation errors for the piezoelectric platelets, since the positive directions have then to be determined unambiguously for two crystallographic axes in successive operations required to cut the crystal boule.
Sapphire delay lines are not well suited for the generation of L and S waves in separate bands (with good isolation). In fact, the only choice is then a ZnO transducer. The three solutions are available with fused silica for this kind of application. For the purpose of comparison, the important delay line characteristics (the S mode reduced centre frequency, f S , relative bandwidth, f S /f S , and power range expressed in mW mm −2 , P S , together with similar quantities for the L mode, with subscripts S replaced by L, and finally the centre frequencies ratio, f S /f L ) are given in table 10.
Two-layer transducers
Let us now consider a transducer comprising two, rotated, Y -cut layers. A systematic study was performed using the nine combinations available (with the choice between CdS, ZnO and LiNbO 3 for both the first and second piezoelectric layers) in order to search for performance improvements for sapphire and fused silica delay lines.
Normalization
Paralleling the normalization performed for single-layer transducers in section 3.1, the acoustic power fluxes given by equation (5) are used as the transducer L and S responses. These fluxes are again computed under reference conditions (V 0 constant and equal to 1 V, f 0 = 1 GHz) and expressed in W mm −2 , using the reduced frequency variable f/f 0 . However, the following relations now apply:
where 1 and 2 are the (3,3) elements of the dielectric permittivity tensor for, respectively, layers 1 and 2.
Assuming that f 0 is defined as the frequency at which the back and forth round trip for waves inside the Z cuts (with the actual thicknesses) of the two piezoelectric layers corresponds to a half-period delay, it follows that
where v 1 and v 2 are the L wave velocities in the Z cuts of the two piezoelectric layers, and finally
where α represents the thickness ratio a 2 /a 1 . It may be verified that this normalization is fully compatible with that performed in section 3.1, the relation (15) being directly found from relation (18) by letting α = 0.
Numerical results
For a given substrate-first piezoelectric layer-second piezoelectric layer combination, three parameters are varied in the study, namely the cut angles θ 1 and θ 2 of the layers and their thickness ratio α. This may be compared to the single design parameter θ available in the singlelayer transducer case. The responses may be optimized using genetic algorithms according to several objective criteria and under different constraints, corresponding to the simultaneous generation of both modes at the same frequency with nearly equal powers, or generation in separated bands centred around frequencies in a given ratio (with or without constraints about the isolation to the other mode). The first and fourth structures lead to very high relative bandwidths for both L and S modes. This is a result of the magnitudes of the acoustical impedances, which are very close for Al 2 O 3 and LiNbO 3 and nearly three times higher than those of CdS and ZnO. Let us consider, for example, the fourth structure. Using optimization, it is found that the best values of the parameters are θ 1 = 8
• , θ 2 = 6
• and α = 3. The corresponding responses are given in figure 7 .
By studying the variations of these L and S mode responses against the parameters α (0.25 α 7.5, see figure 8 ), θ 1 (4
• , see figure 9 ) and θ 2 (3
• , see figure 10 ), it may be seen that the evolutions are very slow and smooth. The values of the parameters for such a design are not therefore critical, a feature which will make the practical realization easier.
It is found that the maximum acoustic powers for the L and S modes remain between 50 and 80 mW mm −2 , and numerous combinations of the three parameters allow one to Table 10 . Characteristics of delay lines for independent L and S mode generation. For the first structure, very similar results are obtained around the best values of parameters θ 1 = 5
• and α = 3. The maximum acoustic powers for the L and S modes remain between 50 and 140 mW mm −2 , the ratio of the fundamental S and L modes' centre frequencies vary between 0.58 and 0.63 and the relative bandwidth between 0.89 and 0.93 for the L mode and 0.80 and 0.84 for the S mode. Both the first and fourth configurations are also well fitted to simultaneous generation (at the same frequency) of the L and S modes with powers of the same orders of magnitude (typically for reduced frequencies 0.62 f 0.98, that is nearly a 47% relative bandwidth, if a criterion of a maximum 3 dB power ratio is retained-see figure 7 for example).
It must be noticed that the acoustic responses observed for fourth (see figure 7 ) and first structures have shapes very similar to those for a single-layer lithium niobate transducer (see the lower plot in figure 3 ). This suggests a major influence for the lithium niobate second layer in the studied two-layer transducers.
Let us now consider the second structure, which gives less acoustic power but enables significant generation of the L and S modes in separated bands with good isolation. figure 12 , which corresponds to the generation with more than 10 dB isolation to the other mode within a 0.80-1.30 frequency band for the S mode (that is a 48% relative bandwidth) and a 1.57-2.84 frequency band for the L mode (that is a 58% relative bandwidth).
Let us consider, finally, the third structure, which is characterized by a high acoustic power generation capability.
The best values of the parameters are then found to be θ 1 = 6
• , θ 2 = 184
• and α = 1.4. The variations of the L and S modes' responses were also studied against the parameters α (0.9 α 1.8), θ 1 (0 figure 13 , which corresponds to the generation with more than 10 dB isolation to the other mode within a 0.80-1.30 frequency band for the S mode (that is a 48% relative bandwidth) and a 1.57-2.84 frequency band for the L mode (that is a 58% relative bandwidth).
Fused silica delay lines.
After a systematic study, it is found that the structures SiO 2 /T 1 /T 2 do not lead to interesting performances or features when T 1 = CdS and T 2 = CdS or ZnO; or T 1 = LiNbO 3 and T 2 = CdS or ZnO; or T 1 = ZnO and T 2 = CdS. The remaining four structures are available:
• T 1 = CdS and T 2 = LiNbO 3 ,
• T 1 = ZnO and T 2 = LiNbO 3 ,
• T 1 = ZnO and T 2 = ZnO.
These structures lead to high isolation for generation of L and S modes in separate bands. This feature is illustrated by figures 14-17. It is seen here that the third structure leads to very unbalanced maximum acoustic powers (six to seven times higher for the L mode than for the S mode). The second structure enables high acoustic power generation with good balance between modes. The main results obtained for the optimum values of the parameters (θ 1 = 6
• , θ 2 = 184 • , Figure 14 . Acoustic response against reduced frequency for the fused silica-cadmium sulphide-lithium niobate configuration. for fourth structure) are given in table 11 (centre frequencies f L and f S , ratio of centre frequencies r, relative bandwidths BW L and BW S , maximum powers P L and P S expressed in mW mm −2 , minimum isolation in band I L and I S expressed in decibels).
Conclusion
A number of interesting configurations have been found for sapphire and fused silica, where the use of twolayer transducers enable improvements over the singlelayer transducer situation with respect to different criteria (simultaneous or separate frequency generation of L and S modes, feasability of good isolation). The fused silica substrate is more adapted to the generation in separate bands with good isolation, but with low relative bandwidths. The sapphire delay lines are, in contrast, naturally wideband.
Experimental results
In order to verify experimentally some of the previous findings, a sapphire delay line with a single layer 7
• rotated, Y -cut lithium niobate transducer was built. The transducer was indium bonded on the 2 cm long optical-quality substrate, lapped down to a 36.5 µm thickness, and a very thin (150 Å) square (3 mm 2 area) top gold electrode was deposited on its free surface. With these figures the normalizing frequency is now equal to 100 MHz. Using the techniques described in [28, 29] , the unmatched conversion losses for the transducer were obtained. The total attenuation of the first L and S modes' echoes (reflected on the substrate opposite face) were first measured. Then, the estimated diffraction losses (for the L mode, from 3 dB at 40 MHz to 1 dB at 140 MHz; for the S mode, from 5 dB at 20 MHz to 1 dB at 90 MHz) were substracted from these values. The results were finally divided by two (to account for the two transductions) to compute the conversion losses. The results are shown in figure 18 , where a good fit with theoretical values may be observed (notice than the conversion loss measurement error is estimated to ±1.5 dB). The measured electrical impedance is also presented in Smith's chart form (normalized to R G = 50 ) in figure 19 .
The main characteristics obtained for the transducer are:
• a longitudinal response with centre frequency at 91 MHz, a relative bandwidth near unity and a minimum conversion loss of 6 dB; • a shear response with centre frequency at 38 MHz, a relative bandwidth near 1.28 GHz and a minimum conversion loss of 3.5 dB.
Conclusion
The problem of L and S acoustic bulk wave generation using a single transducer has been studied. The single transducer was made from a single layer or two layers of rotated Y cut of piezoelectric materials. Several solution have been found for efficient, or wideband, or separate frequency band (with good isolation) generation of the two modes. An experiment was performed to verify the theoretical results for a particular single layer transducer, for which several proven fabrication technologies are available. Work is now in progress to design a working technological process to build two-layer piezoelectric transducers.
